Acrylamide exposure has been related to an increased incidence of oral and thyroid tumors in animal studies. In 1986, 120,852 persons (aged 55-69 years) were included in the Netherlands Cohort Study. Dietary acrylamide intake was assessed with a food frequency questionnaire and was based on chemical analysis of all relevant Dutch foods. Hazard ratios were adjusted for smoking and other confounders. After 16.3 years of follow-up, there were 101, 83, 180, and 66 cases of oral cavity, oro-hypopharynx, larynx, and thyroid cancer, respectively. Average daily dietary acrylamide intake was 21.8 lg (standard deviation, 12.1). Dietary acrylamide intake was not associated with increased risk of oral cavity (hazard ratio (HR) per 10-lg intake/day ¼ 0.90, 95% confidence interval (CI): 0.73, 1.10), oro-hypopharynx (HR ¼ 0.74, 95% CI: 0.53, 1.03), larynx (HR ¼ 1.05, 95% CI: 0.91, 1.21), or thyroid (HR ¼ 1.03, 95% CI: 0.82, 1.27) cancer. For nonsmokers, hazard ratios were not increased either. Dietary acrylamide was statistically significantly associated with increased risk of oral cavity cancer in female nonsmokers, but case numbers were small. Dietary acrylamide intake was not positively associated with risk of head-neck and thyroid cancer, except with oral cavity cancer risk for female nonsmokers. A negative association for males was indicated.
Acrylamide is classified as a probable human carcinogen based on animal studies and mechanistic insights (1) . Studies of rodents have shown positive dose-response associations between acrylamide exposure and cancer in multiple organs and tissues, among which were the mammary gland, skin, lungs, oral tissues, and thyroid gland (2) (3) (4) (5) . Acrylamide was administered through gastric intubation, intraperitoneal injection, and dermal application (2, 3) or the drinking water (4, 5) to the animals at high doses. The discovery in 2002 that acrylamide is present in many foods, such as french fries and potato crisps, therefore gave rise to substantial concern (6) .
In occupational studies, no association was observed between exposure to acrylamide and risk of head-neck cancer (7, 8) . The incidence of thyroid cancer was increased, but the number of cases was small. Exposure to dietary acrylamide and the risk of cancers of the oral cavity, pharynx, and larynx has been investigated in a hospital-based case-control study, and no association was observed (9) .
Recently, 3 prospective epidemiologic studies demonstrated a positive association between dietary acrylamide exposure and risk of cancer. Positive associations were observed for endometrial, ovarian (10) , and renal cell (11) cancer and for postmenopausal estrogen-receptor-positive breast cancer (12) . Because the acrylamide molecule is small and hydrophilic, it reaches every organ and virtually every tissue in the body (13, 14) . For this reason, theoretically all organs and tissues are targets for carcinogenesis. Considering the positive associations observed in animal experiments, and the limited evidence available regarding humans, we investigated the association between dietary acrylamide intake and the risk of head-neck and thyroid cancers in a large, prospective cohort study.
MATERIALS AND METHODS

Study design and participants
The study took place within the prospective Netherlands Cohort Study on diet and cancer (NLCS), which started in September 1986 with the inclusion of 58,279 men and 62,573 women aged 55-69 years sampled from Dutch municipal population registries (15) . At baseline, the participants completed a self-administered questionnaire on diet and other risk factors for cancer, such as smoking, anthropometry, and physical activity. A case-cohort approach (16) was used for data processing and analysis; cases were enumerated for the entire cohort, whereas accumulated personyears for the total cohort were estimated from a subcohort of 5,000 men and women randomly sampled from the full cohort at baseline. Incident cases in the total cohort have been detected by annual computerized record linkages to the Netherlands Cancer Registry and the Netherlands Pathology Registry (PALGA; website: www.palga.nl). The completeness of cancer follow-up through linkage with these cancer registries was assessed to be at least 96% (17) , while followup of the subcohort at the end of the follow-up period was nearly 100% complete (only one male subcohort member was lost to follow-up). Further details on the design of the study are presented elsewhere (15, (18) (19) (20) .
After 16.3 years of follow-up (September 1986-December 2002), there were 467 cases of histologically verified headneck cancer (International Classification of Diseases for Oncology, Third Edition, codes C00.3-C06.9, C09.0-C10.9, C12.0-C14.9, and C32) and 73 cases of histologically verified thyroid cancer (International Classification of Diseases for Oncology, Third Edition, code C73). Because of the small numbers and the different etiology (21), cases with salivary gland cancer (n ¼ 41), nasopharyngeal cancer (n ¼ 18), or cancer of the nasal cavity and sinuses (n ¼ 40) were not included in the analysis. After exclusion of nonsquamous-cell carcinomas and use of the grouping proposed by Hashibe et al. (22) , there were 434 cohort members with a head-neck squamous cell cancer, including 116 cancers of the oral cavity, 108 cancers of the oropharynx and hypopharynx, 227 cancers of the larynx, and 3 cancers at an unspecified location within the head-neck region. Several cases had more than one primary cancer in the head-neck area (3 cases with 3 cancers and 9 cases with 2 cancers each), and each primary cancer within a site was regarded as an endpoint in site-specific analyses.
Cases and subcohort members were excluded from the analysis if they had been diagnosed as having cancer (other than skin cancer) at baseline, if their dietary data were incomplete or inconsistent, and if data on confounders were missing. Figure 1 shows the selection and exclusion steps that resulted in the numbers of cases and subcohort members available for analysis.
Dietary acrylamide intake assessment
The NLCS food frequency questionnaire contained questions on 150 food items (18) . It queried the habitual intake, both frequency and portion size, of foods during the year preceding baseline.
The major dietary sources of acrylamide in the Netherlands in 1998 (determined through a National Food Consumption Survey) were potato crisps (31%), french fries (21%), Dutch spiced cake (16%), coffee (13%), bread (10%), and cookies (4%) (23) . Although relative contributions may have changed between 1986 (start of the NLCS) and 1998, the major sources have probably stayed the same. The mentioned sources were all included as separate items in the NLCS food frequency questionnaire, and thus the most important dietary acrylamide sources in the Netherlands were taken into account in the exposure assessment.
We used data on acrylamide levels in food products on the Dutch market to obtain an intake estimate representative of the Dutch situation. For each food item, the contribution to dietary acrylamide intake was estimated from the mean acrylamide level in the food, its consumption frequency, and its portion size. Further details of the dietary acrylamide intake assessment, including levels of acrylamide in the foods used to calculate intake, can be found elsewhere (10) .
Statistical analysis
Confounders were selected in 2 steps: some were chosen a priori to be included in the models, and other potential confounders were included only if they changed age-and sex-adjusted hazard ratios of dietary acrylamide (expressed as the interval between the 10th and 90th percentile of intake of the subcohort: 27 lg acrylamide/day) by more than 10 percent. The a priori selected covariables were age, sex, smoking status (current vs. not current), number of cigarettes smoked/day, and number of years of smoking. The following variables were checked for confounding: body mass index; height; energy intake; consumption of vegetables, fruits, dairy products, meat, processed meat, fish, and alcohol; nonoccupational physical activity; smoking of cigars or a pipe (current, former, or never); educational level; intake of vitamins A and C, a-and b-carotene, folate, niacin, fat and saturated fat, trans-fatty acid, carbohydrates, and fiber; and use of vitamin A supplements. Compared with nonsmokers, smokers have on average 3-4 times higher levels of acrylamide-hemoglobin adducts (a marker of internal dose of acrylamide) (24) . For this reason, and because smoking is such an important risk factor for headneck cancers, subgroup analyses were performed for nonsmokers (never smokers combined with former smokers who had quit smoking more than 10 years before baseline).
We investigated whether the observed associations could be attributed to dietary acrylamide specifically or whether the association was due to other characteristics of acrylamide-containing foods. Therefore, models were run with dietary acrylamide (as a continuous variable) and the foods Dutch spiced cake and coffee (one at a time) that explained most of the variance in dietary acrylamide intake.
Scaled Schoenfeld residuals were used to test the proportional hazards assumption (25) . When, according to this test, the proportional hazards assumption might be violated, the hazard curves were inspected visually. Hazard ratios and 95% confidence intervals were obtained through Cox proportional hazards regression (26) using STATA software (package 9.2; Stata Corporation, College Station, Texas), with person-time on study as the time metric. Additional variance introduced by sampling a subcohort from the cohort was taken into account by estimating standard errors using the robust Huber-White sandwich estimator, a method similar to the variance-covariance estimator by Barlow (27) . Tests for dose-response trends were performed by fitting the median dietary acrylamide intake per quintile or tertile as a continuous variable. We applied 20 cases per category as the minimum number needed to conduct the Cox regression analyses.
We also checked for the influence that preclinical disease may have had on the results. Thus, the analyses were also performed after excluding the first 2 years of follow-up.
RESULTS
The average daily dietary acrylamide intake in the subcohort was 21.8 lg (standard deviation, 12.1) for all participants, 22.5 lg (standard deviation, 12.2) for males, and 21.1 lg (standard deviation, 11.9) for females. As described elsewhere (11) , the most important source of dietary acrylamide in the subcohort was coffee, which contributed on average 47% to dietary acrylamide intake, while Dutch spiced cake, cookies, french fries, and potato crisps contributed 15%, 13%, 8%, and 2%, respectively. However, most of the variance in dietary acrylamide intake was explained by Dutch spiced cake (57%), followed by coffee (15%), french fries (14%), potato crisps (5%), and cookies (3%).
Male cases with head-neck tumors were slightly older at baseline than the subcohort members, especially cases with oro-and hypopharynx cancer (Table 1) . Overall, female cases with oral cavity cancer were older and cases with oro-and hypopharynx cancer were younger than the subcohort members (Table 2 ). Among both males and females, fruit intake was lower in cases than in subcohort members and alcohol intake was higher. Cases were also more often current smokers, smoked more cigarettes per day, and had smoked longer than subcohort members. Thyroid cancer cases had lower intakes of dairy products, alcohol, and coffee compared with the subcohort. More often than subcohort members, thyroid cancer cases were non-and never smokers.
In multivariable-adjusted analyses, dietary acrylamide intake was associated with decreased risks of head-neck cancer for males and females combined, in all quintiles (compared with the lowest quintile of intake), although the hazard ratio for only the second quintile of intake was statistically significantly decreased (Table 3 ). There was no further decreasing risk associated with increasing dietary acrylamide intake, and the P for trend was 0.40. Hazard ratios for males were not very different from the overall results, but the multivariable-adjusted hazard ratios for females were closer to unity. When the analysis was restricted to nonsmokers (never smokers and smokers who quit smoking 10 years before baseline), hazard ratios for head-neck cancer in the highest tertile of intake remained lower than unity in the analyses for males and females combined and for males alone ( Table 3 ). The hazard ratio for those in the highest tertile of intake for male nonsmokers was statistically significant decreased (hazard ratio (HR) ¼ 0.45, 95% confidence interval (CI): 0.21, 0.94), and the P for trend was 0.03. Hazard ratios for continuous intake were also decreased but were not statistically significant. The hazard ratios for dietary acrylamide intake did not change notably when Dutch spiced cake or coffee was added to the multivariable model (results not shown). The results did not change importantly when the first 2 years of follow-up were excluded (results not shown). Next, analyses were conducted for different head-neck cancer subsites: oral cavity, oro-and hypopharynx, and larynx. Results of multivariable-adjusted analyses for oral cavity cancer (Table 4 ) and for oro-and hypopharynx cancers (Table 5) were comparable to those from the analyses for head-neck cancer overall: most hazard ratios were decreased. For oral cavity cancer, most hazard ratios were decreased. Because of the low number of cases who were nonsmokers, an analysis with dietary acrylamide as only a continuous exposure variable was conducted in this subgroup, showing no association for men and women combined and an increased multivariable adjusted hazard ratio for oral cavity cancer in females (HR ¼ 1.28, 95% CI: 1.01, 1.62 per 10-lg intake per day). For oro-and a Adjusted for age (years), sex (if applicable), current cigarette smoking (yes/no), years of cigarette smoking (number), cigarettes smoked per day (number), energy intake (kcal/day), alcohol intake (g/day), processed meat intake (g/day), and niacin intake (lg/day).
b Never smokers and former smokers who quit smoking 10 years before baseline.
hypopharynx cancers, hazard ratios were decreased. The multivariable-adjusted hazard ratio for all males per 10 lg of daily intake was 0.68 (95% CI: 0.42, 1.00). For women, compared with men, hazard ratios were closer to unity. Unlike those for oral cavity and oro-and hypopharynx cancers, hazard ratios for the association between dietary acrylamide and risk of larynx cancer were, for the large part, close to or higher than 1 (Table 6 ). Only those hazard ratios for continuous intake among nonsmokers were statistically nonsignificantly decreased: 0.82 (95% CI: 0.53, 1.29) for men and women combined and 0.85 (95% CI: 0.59, 1.34) for men only. The hazard ratios for dietary acrylamide intake did not change importantly when coffee was added to the model, but hazard ratios did change considerably when Dutch spiced cake was added. Hazard ratios increased strongly for oral cavity cancer in women nonsmokers (HR ¼ 1.67, 95% CI: 0.62, 4.49 per 10 lg/day) and laryngeal cancer in men nonsmokers (HR ¼ 1.14, 95% CI: 0.46, 2.81 per 10 lg/day). When the first 2 years of follow-up were excluded, the results were essentially the same (results not shown).
Multivariable-adjusted hazard ratios for thyroid cancer were all close to unity (Table 7) , although the hazard ratio for the highest tertile of intake (compared with the lowest tertile) for all men and women was slightly increased: 1.33 (95% CI: 0.70, 2.53). The P for trend was 0.42. When analyses were restricted to the follicular subtype of thyroid cancer (30 cases), the multivariable adjusted hazard ratio for both sexes for continuous intake per 10 lg/day was 0.91 (95% CI: 0.69, 1.19). The results did not change when coffee was added to the model, but hazard ratios increased considerably when Dutch spiced cake was added. Especially in the models with nonsmokers only-with a low number of cases-the change in hazard ratio was large. The results did (number), energy intake (kcal/day), alcohol intake (g/day), and niacin intake (lg/day). b Never smokers and former smokers who quit smoking 10 years before baseline.
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DISCUSSION
In this large, prospective cohort study, we did not observe a positive association between the intake of dietary acrylamide and the risk of head-neck and thyroid cancers in men. There were some indications for a decreased risk for men with increasing intake of dietary acrylamide, especially with respect to oral cavity and oro-and hypopharynx cancers. Dietary acrylamide was statistically significantly associated with an increased risk of oral cavity cancer in female nonsmokers only, but numbers were small.
To our knowledge, the association between dietary acrylamide intake and the risk of head-neck cancer has been assessed in only one hospital-based case-control study, wherein men and women were not analyzed separately (9) . In that study, no association was observed with oral cavity/pharynx cancer nor with larynx cancer. The absence of a positive association is in agreement with our findings. In occupational studies, no associations were found either between acrylamide exposure and head-neck cancer, although, in these studies, the number of cases was small and adjustment for confounding was limited (7, 8) . We observed a positive association between dietary acrylamide intake and the risk of oral cavity cancer for women nonsmokers, but numbers were small. In earlier studies, we observed positive associations between dietary acrylamide and endometrial, ovarian, and renal cell cancers (10, 11) and an inverse association with lung cancer in females (28), and we have suggested that acrylamide might be carcinogenic through a hormonal mechanism. Although hormonal factors have been associated with oral cancer in women (29, 30) , it cannot be excluded that ours is a chance finding.
To our knowledge, the association between dietary acrylamide and the risk of thyroid cancer in humans has not been studied before. However, nonstatistically significant increased risks have been observed for occupational exposure to acrylamide (7, 8) . The numbers of cases were very small in these studies. Furthermore, the possibility of controlling for confounders, especially smoking, was limited in these occupational studies. Finally, in one study, the cases were detected in the low-exposure group (8) ; in the other study, the strength of the association became weaker with longer follow-up (7), making a causal relation less likely.
In the 2 available chronic studies of rats, acrylamide exposure (administered in drinking water) was associated with an increased incidence of oral tissue tumors (5) and thyroid cancer (4, 5) . The associations were observed in the highest exposure group only (2 mg/kg of body weight per day) (4, 5) , which is about 4,000 times higher than the estimated intake of participants in this cohort through the diet (23) . No statistically significant increased incidence of these cancers was observed at lower doses in these studies. The positive finding with respect to oral tissue tumors in one study was not replicated in the other study with rats (4). The positive association with thyroid cancer was observed in both studies in which rats were exposed to acrylamide (4, 5) . This outcome has been attributed to both a mutagenic mode of action and thyroid growth stimulation (31) . An important difference between rats and humans is the absence of , current cigarette smoking (yes/no), years of cigarette smoking (number), cigarettes smoked per day (number), energy intake (kcal/day), alcohol intake (g/day), and niacin intake (lg/day).
thyroid-binding globulin in rodents (31) . Besides the different dosage and the exposure route, this might explain the absence of an association in humans. The tumors that developed in rats were follicular. When we restricted our analysis to this subgroup, no association was observed either. It seems unlikely that differences in acrylamide metabolization explain the observed differences between rodents and humans. The metabolic pathways are quite similar, although there are differences in metabolization rate. Of the species investigated, mice have the highest efficiency of acrylamide-to-glycidamide conversion, followed by rats and then humans (32, 33) .
It is unlikely that results from the NLCS were affected by selection or information bias. Selection bias is unlikely given the high level of follow-up in terms of cases and subcohort person-years (17) . Food frequency questionnaires have limitations, as discussed elsewhere (34), but they are the only feasible way to assess dietary intake over a long time period in large-scale epidemiologic studies. The NLCS food frequency questionnaire has proved to be both valid (18) and reproducible (19) , also with regard to nutrients that correlate with dietary acrylamide, such as carbohydrates and fiber.
An important asset of the present study is that we used acrylamide levels from the Dutch market only and specifically sampled and analyzed foods relevant to the NLCS population. The sampling of food items was based on a sampling plan, in which representativeness of the market, regional variations, and home cooking were taken into account. Within foods, acrylamide levels can vary greatly, which could lead to nondifferential misclassification of acrylamide intake. For this reason, we used the mean acrylamide value of several analyzed samples of each food for our acrylamide food database. In a study of 39 subjects providing a 24-hour duplicate diet in 2004, we compared 24-hour dietary acrylamide intake calculated from the mean acrylamide values from our database with the chemically analyzed intake from the 24-hour diet and found a Spearman correlation coefficient of 0.82 (Konings et al., unpublished results) . This finding indicates that use of this acrylamide database does not introduce much misclassification or attenuation. Acrylamide values in our database (sampled and analyzed in 2002 and 2005) may have been different from the actual values at baseline of our study in 1986. However, we assume that this misclassification is nondifferential and most likely would have biased our results toward the null value (10). (number), energy intake (kcal/day), alcohol intake (g/day), and niacin intake (lg/day). b Never smokers and former smokers who quit smoking 10 years before baseline.
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Smoking is an important source of acrylamide and is an important risk factor for head and neck cancer. Because of the small number of never smokers, in most analyses we combined never smokers and former smokers who quit smoking more than 10 years before baseline. We reasoned that doing so would enable us to reduce misclassification of acrylamide exposure due to smoking. Although hazard ratios for these former smokers were increased (not statistically significant) compared with those for never smokers, they were lower than those for current smokers and former smokers who quit smoking shortly before baseline.
Occupational exposure is another source of acrylamide exposure. We were not able to restrict our analyses to cohort members not occupationally exposed to acrylamide. In the Netherlands, only one factory has been producing acrylamide since 1965, and, considering the number of people employed, it is unlikely that NLCS cohort members have been employed there. Exposure to acrylamide can happen in many other occupations, for example, biotechnology laboratories, but it was not possible to identify these exposed cohort members in the NLCS. This limitation might have caused confounding, but only if occupational acrylamide exposure is associated with dietary acrylamide exposure, which seems improbable. Adjustment of the dietary acrylamide hazard ratio for Dutch spiced cake had a considerable effect on the dietary acrylamide hazard ratio for some cancer types. However, Dutch spiced cake itself was (when included in a model without dietary acrylamide) not associated with any of the cancer endpoints. Therefore, the observed associations for dietary acrylamide are probably not confounded by other characteristics of Dutch spiced cake and coffee. The observed changes in the dietary acrylamide hazard ratios when adjusted for Dutch spiced cake are perhaps due to instability (as shown by the substantially increased confidence intervals) of the Dutch spiced cake-adjusted hazard ratio for dietary acrylamide, caused by the high correlation between dietary acrylamide intake and Dutch spiced cake.
In conclusion, we did not observe a positive association between dietary acrylamide intake and the risk of head-neck and thyroid cancers, with a possible exception of oral cavity cancer in women nonsmokers. We observed some indications for an inverse association between increasing intake of dietary acrylamide and the risk of oral cavity and oro-and hypopharynx cancers in men. However, the number of cases in specific subgroups was small, and we therefore encourage other researchers to prospectively investigate the association Abbreviations: CI, confidence interval; HR, hazard ratio; Ref, referent; T, tertile. a Adjusted for age (years), sex (if applicable), current cigarette smoking (yes/no), cigarettes smoked per day (number), years of cigarette smoking (number), energy intake (kcal/day), vegetable intake (g/day), and niacin intake (lg/day).
between dietary acrylamide intake and the risk of these cancers and to perform subgroup analyses for non-and never smokers.
